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Surface properties probed by second-harm nic and 
sum-frequency generation 

Y. R. Shen 

Department of Physics, University of California, Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory, 
Berkeley, California 94720, USA 



Optical second-harmonic generation and the related technique of infrared-visible light sum-frequency 
generation are extremely versatile tools for studies of many kinds of surfaces and interfaces. With the 
help of ultra-short laser pukes, they can be used to monitor surface dynamics and mictions with 
sub-picosecond time resolution. 



Optical second-order harmonic generation is an exciting new 

technique for studying surfaces and interfaces. Surface science 

plays an important role in disciplines ranging from physics and 

chemistry to biology and electronics, where reliable characteriz- * 

ation of surfaces and interfaces is essential. Accordingly, many . 

tools for surface analysis have been developed over the years . 
* but most are limited in their application 1 . For example, electron * 
^scattering and diffraction* photoemission, Auger spectroscopy ! 
.^j^yin^ o^r^^^^Bly;in* a vacuum:^, 

bpti^^ 

vaccessft^ enough surface ^ on a meo^ 

specificity and sensitivity ^ " ~* ' ~ ^ " ~' " " * — ■ ^ — : 

signal cbntributed by the bulk can be suppressed 2 , v V; ) 
¥ Recently,, several laser techniques have been developed tot] ■> 
- : surface probing?. Among, these, second-harmonic generation , ; : 

(SHG) has received much attention because of its simplicity, \ , 

- The SHG technique is sufficiently sensitive to detect less than M , 

a Monolayer of molecules adsorbed on a surface^ a surface j 

probe, it has 'several attractive features, Beio^ a iaseMxeited | 

coherent optical process, surface SHG is highly directional. It 1 

is therefore sutaW in situ remote-sensing] 

. studies and ean be used for momtoring surfaces in a teal en viro 

ment; Sub-picosecmd laser pulses can be used , for probing, i 

giving the technique the potential for sub-picosecond time resoM 

ution and making it useful for in situ real-time! probing of fast I 
isbtface^dyi^ics : ani .reasons. :Becav^J!»s|rtr excitation is j. 



capable of high spatial and spectral resolution it also allows 
in situ mapping of the molecular arrangement and composition 
of -a surface monolayer. These advantages, together with its 
general: applicability to all types of interfaces, make SHG a 
unique and versatile tool for surface studies. ■ ... 
- The SHG method is based on the principle that a second-order 
norJinear optical process is forbidden' in a medium with inver* - 
sio- , s>i^e^, but such symroe^ will necessarUy 
aftan -mteriace^where me : * : 

mipinging ^ ■. 
' ;ofvach{^ 

molecifc?ui^ 

anharmw at 
frequendesi^3» 

OscUhting ^poles: emit electrpmagnetic radiation^ and hence « 
one expe^ output raalation from 

toV2ov3& anil so on. In the SHG technique, one "Reuses attention Z 



on uejfrequelncy ithe * 




unit 



ai:,fi^uepcy 

it vo!uhie;;R&(2^ &\*h<*<l&s t^viiYio- s ; 

where i^-^isHknownvas, thefnohlinear/sus^ pk* :•?. 
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' Fig. 1 a. Schematic 
diagram of a typical 
experimental arrange- 
ment for surface second- 
harmonic generation. 
The incoming laser 
beam passes through a 
colour niter F, and 
impinges on the sample. 
The second-harmonic 
signal generated from 
the sample in the reflec- 
ted direction is collected 
by the lens U filtered 
through the colour filter 
F 2 and an interference 
filter (IF) or spec- 
trometer, detected by the 
photomultipuef (PMT) 
and finally converted to 

an electrical signal by the gated electrometer. 6, A setup used for second-harmonic generation (SHG) measurements of monolayers of molecules 
on a water surface. The langrootr trough is filled with water on whirh molecules, shevrc as rods arc adsorbed. The Wilhessy plate hanging 
on the balance is used to measure the surface tension (tr). Variation of the molecular-surface area (A) by the movable barrier allows v-A 
isotherms to be determined together with the SHG measurements. 
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inversion symmetry, the incoming fields £(«) and -£(«) must 
induce in the medium dipoles of P(2o>) and -P(2w) respeo 
tively. This, however, is not consistent with equation (1) unless 
* (2) = 0 ( indicating that SHG is forbidden. At an interface, the 
inversion symmetry must be broken, and radiation at frequency 
2o> is therefore no longer f rbidden. C nsequently, SHG is 
highly surface specific 

Theory 

The sub-monolayer sensitivity of SHG was noticed in 1973 1 
but received little attention. It was rediscovered in a search for 
a better understanding of the phenomenon of surface-enhanced 
Raman scattering 11 * . Several researchers suggested that this 
scattering arises because of enhancement of the local field at 
points on a rough metal surface 1 * 14 Raman scattering can be 
regarded as a two-photon nonlinear optical process, in which 
one photon is absorbed and another emitted. It was therefore 
suggested that other nonlinear optical processes should be 
similarly enhanced on rough metal surfaces". Indeed, with a 
1.06-iun laser pump, SHG is enhanced by a factor of ~l(r on 
a roughened silver surface 19 . The signal is so strong that sub- 
monolayers of adsorbates on roughened silver can be monitored 
with a continuous-wave (CW) diode laser 16 . An approximate 
estimate of the signal strength indicates that even without sr rface 
enhancement, it should be possible to detect SHG from a 
; molecular monolayer 



-REVIEW ARHClf- 



NATURE VOL, 337 9 FEBRUARY 1989 



a liquid or glass surface, where the surface structure is not very 
different from that in the bulk. When higher-order effects are 
taken into account, the bulk should also contribute t the second- 
harmonic signal but it can be shown that the contributi n is 
usually smaller than that from the surface. In any case, a surface 
modificati n sh uld certainly be discernible by surface SHG 
even in the presence of a significant bulk contribution. 

The strength of surface SHG can be estimated from equati n 
A-2 (ref. 9; sec panel below) typically, is of the order of 
10" 15 exs.u. (here subscript s denotes a surface property). Assum- 
ing L=l, e**4 and se<?0«2, for the parameters in equati n 
A-2, a laser beam with intensity 10 MW cm" 2 , cross- 

sectional area A** 0.2 cm 2 and pulse duration T^lOns at a 
wavelength of 1.06 u,m should generate a second-harmonic 
output of ^lO 3 photons per pulse. Signal strength is readily 
detectable with a photomultiplier, and points clearly to the 
sub-monolayer sensitivity of the technique. Equation A-2 
indicates that the sensitivity should increase with laser 
intensity. Sensitivity is, however, eventually limited by the 
onset of surface damage at high beam intensity; to avoid surface 
damage or perturbation, the laser energj per unit area 
must be kept below a certain threshold value. 

Applications n, * 

The experiments! arrangement for surface SHG is fairly simple 
(Fig. 1). In general, pulsed lasers are used for excitation but 





oscillating dipoles radiate coherently in a well defined direction 
Solution of Maxwell's equations with P* J, (2«) as the source term 
yidcU a sc^ncVoarmonic output S(2o>) in the reflected direction 
(assuming an air/solid interface) given by 

Tl^fclx x^M*)***)?*^")* 7 photons per pulse (A-2) 
where $ is the angle of incidence of the incoming laser beam, e(o>) 
. is the dielectric constant at u. L(*>) is a quantity that takes into 
account the Fresnel factor, and the beam polarization at w, and 
/(a), A and T are the intensity, the beam cross-section at the 
interface and the pulsewidth of the laser beam, respectively. 

In equations (A-I).and (A-2), x? } » a third-rank tensor which, 
in Cartesian coordinates, is defined by a set of 27 tensor elements 
(jri l) W with i j and ft representing * y or x. For example, 
according to equation (A-l), the incoming field components £, 
and E k can induce a surface-polarization component 

(Pl 2) (^))i = (X?V^»)4(«) (A3) 
which is responsible for generation of the ^component of the 
second-harmonic field. Dictated by the symmetry of the interfacial 
system, many elements of can be vanishing or dependent on 
the cthas. With diSeres! combinations of input and output beam 
polarizations, the independent non-vanishing elements of xV can 



The onentattb^of aro&Uke molecute at an iriterfacc'The angle 0: between 
" ihe.rooleaiUriaxts : z\ and the surface normal x is measured by SHG using 
* differenV combinations or input and output beam polarizations. 

. ^.^■V'^'^ J *■ '• ".' ■ 
be deduce^Trom the SHG measurements. In some cases, this also 
lHows the average molecular orientation to be determined. 

Consider the case where the molecule has a well defined long 
molecular axis and its nonlinear polarizabitity (or hypcfpoiarizabil- 
ity) tensor a u> is dominated by a single tensor element ai-l? with 
t' along the* molecular axis. One can easily relate o?] v to the 
various elements of *i 2 * »n the laboratory coordinates (x,y, x) by 
a coordinate transformation. If 6 is the angle between i* and the 
surface normal z (see figure) and the molecules have a random 
azimuthal distribution, then 

where N s is the surface density of ihe molecules and the angular 
brackets refer to an orientational overage. From equation (A-4), 
it is seen that the measurements of ™ d <** together 

with the assumption of a 5- function for the orientational distribu- 
tion aliow us to deduce both g^-Jv s - 
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Fig. 2 SHG from a crystalline rhodium surface during 0 2 
exposure (1 langmuir unit =3 lO^torr second). The crystalline sur- 
face is specified by the Miller indices (l v 1, 1), that is, a plane 
intersecting the three orthogonal crystal axes at points equidistant 
from the origin. A full monolayer of oxygen on Rh(l 11) is charac- 
terized by a (2x2) LEED pattern, observed when O z exposure 
reaches "-20 langmuir units, indicated by an arrow. The theoretical 
curve (dashed line) used to fit the experimental result (solid line) 
was derived from the simpler Langmuir kinetic model. 

modern surface science is the study of metal surfaces 1 . Extensive 
studies of surface properties and molecule-substrate interactions •> 
n well-defined mvtal surfaces have been carried out in ulrra- 
high-vacuum (UHV) conditions using conventional surface ; 
t ^ ^ ^probes. The SHG adopted for tasks sucb;asj\f^£ 

processes^;^ ' 
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: coverage 

-in R^ 2 ^ 

- derived from the simple Langmuir kinetic model for adsorption: 7 
the 'sticking coefficient* for oxygen on the rhodium surface can 
be derived from this fit ■ 

. Several general properties of the technique; are by 
similar measurements carried out on ou^r itd^wiwte/meiai 
systems. SHG is sensitive to molecular adsorption at different 
sites 17 . It correlates well with results from thermal desorption 
spectroscopy and can be calibrated against the latter in determin- 
ing surface coverage by adsorb&tes . More accurate measure- 
ments of SHG can, in some cases, reveal the coverage depen- 
dence of the sticking coefficients 19 . SHG can probe surface 
structural changes and phase transitions of adsorbate over- 
layers 20 . Finally, it can provide information on surface electron 
resonances 21 and surface structure of metals 24 . In the future, 
the uttrafast response capability of the technique can be 
exploited t monitor surface reactions and surface dynamics on 



Semiconductor surfaces. The probing fsemiconduct r surfaces 
and interfaces is of great relevance because it can provide 
information about m lecular adsorption, surface structure and 
surface processes, As with metals, molecular adsorption n 
silicon and germanium can easily be observed with SHG 21,26 . 
The dangling bonds on clean silicon and germanium are respon- 



^ metry ^ 

§, : SHG;from^ 

* the c^ngUiigibond^^ " 
" adsorption of a^full monolayer^^ ^ a HtrOvcfc \:M 

Surface struaure governs the surface properties of a semicon- 
ductor. SHG can be used to probe the stracrui^^^ - \j. 
a semiconductor surface layer and lo monitor phase ii^aiitioas- 
in situ™. This is reflected in tho variation of the SHG si^ial as 
the sample or the beam polarization rotates about the surface 
normal . For. example, a freshly cleaved Si(UI) surface has 
structure characterized by a (2x1) LEED pattern, whereas the 
annealed surface has a structure characterized by a (7 x 7) LEED 
pattern. These two surface structures yield very different results 
of SHG as a function of rotation of the incoming beam polariz- 
ation (Fig. 3)*. On annealing, the freshly cleaved surface trans- 
forms from a (2x 1) to a (7x7) structure; the process can be 
momt red in situ by the variation of SHG with time. 

Other surface processes n semiconductors, such as surface 
melting 28 " 31 , surface disordering 52 amorph us^rystalliitt trans- 
formation 35 , formation f metal verlayers 32 * 33 and change of 
surface electronic properties by adsorption (K. W. K. Tom aud 
G. D. Aumiller, personal communication) can also be probed 
by SHG. Future applications should include monitoring of 
epitaxial growth, gfc^y^j vapour depmnri n, plasma deposi- . 
tion and etching, and growth f metal-semiconductor juncti ns. 
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adstf^orfisi^^ 
forties*^ 

contribute little to suiface-speafic 

na^^ofihe;te«i^^^ v ; . 
Theorientationofmolecularadsoibatesatan 
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properties, and about ^ 
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Figure 5 shows a representative case, in which the surface 
SHG from a silver electrode in a 0.1 KC! solution is f und t 
respond to the appearance and disappearance of AgCl n the 
electrode 37 . In the xidaU n-reduction cyde, the signal 
increases rapidly when the first monolayer of AgCl is deposited 
(as deduced from the amount f cb^rge tiansTer through the 
eiectrdde) and decreases rapidly when the last monolayer f 
AgCI is reduced, in b^eri^es^ 
AgO layers are deposited on and r^yed from the d 
but the signal varies billy slightly. Thw again deoc«strates of 
the surface-specific namre of the technique. 

Although SHG should have ^ eno^ anwh^ to follow the 
adsorption of the first molecular monolayer on any electrode in 
any electrolytic process. Several cUfferent molecular spedes may 
coexist on the electrode and SHG is not selective enough to 
^i^pgiiich one from the others. Interpretation of the results 
then has to rely on identification of the species obtained by 
other methods. 

In several recent experiments, the effective surface charge 
density resulting from ions adsorbed on an electrode has been 
deduced using the dependence of surface SHG on the bias 
voltage*"". The dynamics of the adsorption and desorpdon* 
processes can be studied by time-resolved SHG measurements 42 . 
The technique has also been used to study dectrodeposition^f 
metal overiayers on an electrode in an electrolytic soiraon** 7 ? 4 ,.; 
and to monitor the changes ptfsu^ 
properties of a crystallino>i!^^ 
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fig. 4 Adsorption isotherm (surface coverage N, plotted in 
arbitrary units as a function of volume concentration p) of 
mtrobeiuxiic add (PNBA) adsorbed from cthanol solution by fused 
silica. The surface coverage of PNBA can be deduced from SHG 
under r-polarfeed excitation at 532 run, as the SHG signal is pro- 
pertisnaJ to thf square of the surface coverisc. The inset describes 
the data points at low c on c emra tions. Coverage is in arbitrary units 
(a-u,). 
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5 SHG signal (top) and electrolytic current (bottom) from 
a silver electrode in a 0.5 M KC1 solution as functions of rime 
~i ckc^c^tic cyste. Tfecwteg?* 'fctfd on the lower curve 
indicate the potential of the silver electrode with respect to a 
saturated calomel electrode. The SHG signal is particularly sensi- 
tive to the initial deposition and final reduction of Agd layers on 
the electrode. To the Sen of ihc vertical dashed line, Ac SHG signal 
is exaggerated by a factor of three. 



molecular mon layers on liquid surfaces could yield high- 
quality Lyigmuir-Blodgett films, important in m lecutar-elcc- 
tronics applications. SHO is well established as an effective 
probe for gas/liquid interfaces and only a few demonstrations 
are described here. 

SHG can be used t study phase transit! ninam n layer 
of amphiphilic molecules on water. Measurement of the two- 
dimensional 'surface pressure* (ir), as a function of surface area 
{A) of such a system often exhibits not only a two-dimensional 
gas-liquid phase transition but also, in some causes, a liquid 
expanded (LEMiquid condensed (LC) phase transition. It was 
thought that the latter may be correlated with change in 
molecular orientation. As SHG can be used to determine 
molecular orientation, it is an ideal tool for this investigation. 
Such an experiment on pentadecanoic acid did indeed show a 
sudden orientational variation associated with the LE-LC 
transition 49 . 

The polymerization of a monolayer on water can also be 
m tutored in situ with SHG. This is interesting because poly- 
merization of a two-dimensional system is expected to be very 
different from the three-dimensional case. Moreover, the surface 
density of monomers can easily be varied, and the orientation 
of the monomers on water may be controlled by molecular 
. ,, synthesis. In such an experiment 50 , a monolayer of octadecyl 
; methacrylate monom.Ts was spread on water and. polymerized, 
by irradiation, of ultraviolet light Hie surface SHG signal 
-.-Iv- ^decreased . accord^ dependent results provided 

; ; ;a check ^ , 
^ ' v JT^irate constant of; a surface reaction can be very different 
V J V toat 

t ; :interfacw, but^ few examples^ .Orientations of 

t ^ m - ; amphipWIic molecules at different liquid/liquid interfaces, use- 
> * ' fui; for the understanding of micellar or membrane structure, 

- ; ; soon, find fruitful ^ 

: r : ui biol^ 

tend J(t6 /have , a ) polarordering, and should: tterefore 
. si^^^ to study adsorption of a 

1" ; trf noJayer, of retinaL chromophores - on water,- and on' retinal 
^chrorn^ 

( ^.v. Haloi^erUm habitat and then spread on \^ter (J, Huang, 
tf|itis*^ Shen, unpublished 

result). ^ 

> 1 spectrum .were obtaine^ Wd/the change 

< . in the dipole moment of the molecules upon qptfcaJ excitation 
could be deduced. Microscope images of biolojgjcal tissues can 
als be obtained with SHG, providing structural information 
on the scale , and form of molecular ordering 53 . In this case, 
however, the signal was generated mostly from the bulk of the 
tissue. ■ - ■ ^ . 

Surface monolayer microcopy. SHG can be used to probe the 
morphology of a surface monolayer. This was demonstrated by 
the observation of the SHG image of a — 8-pjn laser-ablated 
hole in a Rhodamine 6G dye monolayer on fused quartz 16 . By 
using a focused laser beam, the spatial resolution is limited in 
principle only by the optical wavelength. , 

Sam-frequency generation. 

With the help of a tunable laser, SHG can be used for surface 
spectroscopy* 4 . The underlying principle is straightf rward: 
when either f the frequencies o> or 2o> is close to that of some 
molecular excatati n, the nonlinear susceptibility sh uld 
exhibit a resonant enhancement Spectroscopic .study is. 
however, limited to electronic transitions in the visible, because 
a high-gain photodetector, such as a photomultiplier, is needed 
to achieve monolayer sensitivity. To study adsorbed molecules 
selectively, infrared vibrational spectra are m re useful because 
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uhe neairinfrared :oj :i visible; iwhere iirican ^detected] by : a > ^ 
photomultiplier; Inffared-visibleSTO exceiU^candidrtc *x 
and the technique is a simple extension of SHG. llie incoming 
field E is of two frequencies,. « t , and a>i; the; output is then no ■ 
. longer at 2<a but at & t + <a 2 , or originating} from \the surface 
nonlinear^ polarization P" 1 (ct», + v 2 ) induced by the incom'ng 
fields. If is in the infrared and in. the visible, all three of 
the above criteria are satisfied by SFG. Thus, SPG shares the 
surface specificity of SHG and in addition has capable of selec- 
tive detection of molecules through their characteristic vibra- 
tional transitions. 

Surface vibrational spectroscopy by SFG has been applied to 
the study of molecular adsorbates at various interfaces. Figure 
6 shows the SFG spectra of C-H bond stretching vibrations of 
three different m lecular species adsorbed on fused quartz 38 . 
The different stretching modes are dearly resolved and the 
species can be distinguished by their spectra. The example 
depicted in Fig. la confirms the surface sensitivity f the method. 
Here the SFG spectra f C-H stretches are plotted f r three 
liquid/solid interfacial systems: hexadecane/silica, hex- 
decane/OTS/silica and CCU/OTS/silica, where OTS denotes 
a full monolayer of octadecyltrichlorosilane adsorbed on silica 59 . 
Because surface SFG, like SHG, receives little contribution from 
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Fig. 7 a, SFG spectra of different interfaces obtained with a 
p-polarized visible input at 0.532 |tm and a f polarized tunable 
input around J |im. Dashes; hexadecane/silica; solid squares: 
hexadecane/OTS/siUsa; triangles: CCU/OTS/silica; OTS denotes 
a monolayer of octadecyltrichlorosilane adsorbed on siKca. The 
solid lines are guides for the eye. OTS, when present, dominates 
the spectra, o, Sum-frequency spectra at the air/OTS/sOica Inter* 
fate forvarfous polarization cmbinati^ pm) 
and infrared input beams. Left to right, visible: ^polarized, 
infrared: p-polarized; visible: A infrared: i; visible: i infrared: £ 
The peaks in the spectra can be assigned to C-h stretch modes of 
the terminal methyl group of OTS. The peak at 2,878 cm" 1 origi- 
nates from a CH 3 s-stretch, that at 2,964 cm" 1 from a CH 3 a-stretch, 
and that at 2,942 cm' 1 from the Fermi resonance between CH 3 (s) 
and the overtone of the C-H bending mode. Peaks for the CH 2 
stretches on the alkane chain of OTS are hardly visible for reasons 
of symmetry. 




titative analysis <rt-sitimfaix t ±w» ©»n* *?. / **«?««*^ 

v«- ~ ^w.w,- «> ^ ttC ^ ^ V r ? r 

^iidaW yield an angle of -45° between the CH 3 symmetric' axis : -- vt ; is i csaa. £4«t>^;ci*m>. .*.«-•«. a stc^ ^ ^ a ^i^^i^W«9t3> , 
' indicating that, as expected, the alkyl 

* chain of OTS is neatly parallel to the surface normal. , ■ . m8^z*»;x^d* s»t* y.r. a cut. r. ?^f^^^J^* $) ; ^ 
SFG surface vibrational spectroscopy has also been applied 
to metal and semiconductor surfaces*" 1 . The use of sub- 



W. •> '''">-^'^' r -i^bfmed to calculate this orientation. 



picosecond pump pulses further permits Jhe study of surface 
dynamics of selected molecular species. The fast response of 
SFG may even provide a means for following selective surface 
reactions and for probing intermediate species in the reactions. 
At present, the main difficulty of this technique is the lack of 
tunable sources in the mid- and far-infrared range but iui» 
problem should be overcome when infrared free-electron lasers 
become generally available. 

In summary, SHG is an extremely versatile and valuable tool 
f r surface studies that can be applied to all interfaces accessible 
to tight and tias tuaxiy uuiifirt a\*Va~*ti£w ever ccavcnticnz. • 
surface probes. In particular, its sub-picosecond time resolution 
offers possibilities for research on ultrafast surface dynamics 
and reactions. The lack of molecular selectivity is overcome by 
using SFG for surface vibrational spectroscopy. These nonlinear 
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yk r ig y^p^ex^^^ its > antigen-recognizing re^rtottf it can rje. 

Every indj^ infected with the yi^ 'develop 



.:^:|p^ibie'tbtg^ 

: prbsp^ for eiidting protect or 
tfr using antibodies as therapeutic ^enU: ^ 
. crease are bleak. Afct^re^viF^jcfe difteoxy- 
/ • . .nucleosides such as ACT does^help some patients, but the 
t xicity is such thai new strategies are needed 6 . 

We have therefore attempted to block HIV-1 infectivity with 
soluble derivatives of CD4, the receptor for HIV-1, with the 
rationale that the CD4-binding domain of gpl20 is the only part 
of gpl20 that the virus cannot afford to change 7 . CD4 is a 
cell-surface glycoprotein found mostly on a subset of mature 
peripheral T cells that recognize antigens presented by class II 
MHC molecules 8 * 9 . Antibodies to CD4 block HIV-1 infection 
f T cells 10 * 11 and human cells not susceptible to HIV-1 infection 
become so after transfecti n with a CD4 cDNA 12 . Op 120 binds 
CD4 with high affinity (K D ~ lO'^M), suggesting that it is this 
interaction which is crucial to the entry of virus into cells 7 * 13 . 
Indeed, we 7 and others 14-18 have sh wn that soluble r€D4, 
lacking the transmembran and cytoplasmic sequences of CD4, 
can block HIV-1 infectivity, syncytium formation, and cell kill- 
ing by epl20 (ref. 19). rCIM blocks the infectivity of diverse 
HIV-1 isolates (R.B., J.G M H.M. and S.B^ unpubitsheu icsults}, 
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j virus 'could .wWSoujt losing its capactt^, to inf^ 

: cells specifically, would evade it We fere 
. struct such an antibody, by, fuMng^G^;.^ 

.;. domains. ; ^ ^ . -V, , '^;iv/|^^ v ^;^ . ; 

; . We had; two major aims, for pur .hybrid molecules; first, as 

; pharmacokinetic studies in several species predict ^that the half- 
life of soluble CD4 will be short in humans (30-120 min; J.M^ 
unpublished results) we wished to construct a molecule with a 
longer half-life; second, we wanted to incorporate functions 
such as Fc receptor binding, protein A binding, complement 
fixation and placental transfer, all of which reside in the Fc 
portion of IgG. The Fc portion of immunoglobulin has a long 
plasma half-life, like the whole molecule, whereas that of Fab 
is short, and we therefore expected to be able to fuse our 
short-lived CD4 molecule to Fc and generate a longer-lived CD4 
analogue. Because CD4 is itself part of the immunoglobulin 
gene supcrfamily, we expected that it w uld probably fold in a 
way that is compatible with the f Iding of Fc We have therefore 
produced a number of CD4-immunoglobulin hybrid molecules, 
using both the light and the heavy chains of immunoglob- 
ulin, and investigated their oronerttes. We have named one 
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